Pathogen-specific membrane immunogens of Treponema pallidum subsp. pallidum (T. pallidum) have been identified previously by phase partitioning with the nonionic detergent Triton X-114. One of these antigens, a 15-kilodalton (kDa) polypeptide, is expressed in relatively small quantities in T. pallidum but is highly immunogenic in both human and experimental syphilis. The (MAbs) directed against the 15-kDa antigen were developed and Escherichia coli transformants containing the gene(s) coding for the production of the 15-kDa polypeptide were identified from genomic libraries of T. pallidum (28). In this report we provide evidence demonstrating that the recombinant polypeptide exhibits the immunologic and biophysical properties of the native antigen. Furthermore, studies on membrane localization and polypeptide processing of the recombinant 15-kDa antigen show that it is an inner membrane protein in E. coli that is synthesized from a highermolecular-mass precursor.
One of the major goals of modern treponemal research is to identify components of Treponema pallidum subsp. pallidum (T. pallidum), the etiologic agent of venereal syphilis, which are capable of eliciting a protective immune response. To this end, investigators have used a variety of technologies to identify and characterize the major protein antigens of this organism (2, 15, 29, 41) . Recently, we used phase partitioning with the nonionic detergent Triton X-114 to isolate a group of highly antigenic, T. pallidum-specific membrane proteins (32, 33) . Included among these membrane immunogens (designated detergent-phase proteins [DPPs] ) were the 47-and 34-kilodalton (kDa) T. pallidum proteins (9, 21, 40, 41) , as well as a number of other less well characterized antigens. One such polypeptide with an apparent molecular mass of 15 kDa is a relatively minor component of the DPPs and of whole T. pallidum but is extraordinarily reactive with human syphilitic serum on immunoblot analysis. This antigen is probably identical to the 15-kDa antigen first described by Hensel et al. (18) and the 12-kDa antigen identified by Lukehart and co-workers (2, 23) . Additional evidence obtained by the latter investigators indicates that this antigen stimulates a potent proliferative response in lymphocytes from rabbits with experimental syphilis, suggesting that it also may play an important role in cell-mediated immunity (1) . More recently, investigations with treponemes incubated with 3H-labeled fatty acids have indicated that the 15-kDa antigen, along with the other DPPs, is a lipoprotein (7) .
The lack of a continuous in vitro cultivation method for T. pallidum has hampered efforts to obtain sufficient quantities of the 15-kDa antigen for detailed structure-function analyses. To circumvent this problem, monoclonal antibodies (MAbs) directed against the 15-kDa antigen were developed and Escherichia coli transformants containing the gene(s) coding for the production of the 15-kDa polypeptide were identified from genomic libraries of T. pallidum (28) . In this report we provide evidence demonstrating that the recombinant polypeptide exhibits the immunologic and biophysical properties of the native antigen. Furthermore, studies on membrane localization and polypeptide processing of the recombinant 15-kDa antigen show that it is an inner membrane protein in E. coli that is synthesized from a highermolecular-mass precursor.
MATERIALS AND METHODS
Bacterial strains, culture media, and plasmids. The pathogenic T. pallidum (Nichols strain) and T. pallidum subsp. pertenue (kindly provided by Sheila Lukehart, Seattle, Wash.) were passaged in New Zealand White rabbits and purified by Percoll density gradient centrifugation (16, 32 (27) . Bacterial strains and subsequent transformants were grown on LB plates or broth (25) pallidum membrane proteins in Triton X-114. Hybridoma supernatants were screened by radioimmunoassay by using whole sonicated T. pallidum isolates (35) . Reactive hybridomas were further analyzed by immunoblot and radioimmunoprecipitation analysis in order to select clones that were directed specifically against the 15-kDa antigen.
Horseradish peroxidase conjugates of both goat antimouse immunoglobulin G (IgG) and rabbit anti-goat IgG were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, Pa.).
Human syphilitic sera were obtained from patients with classic stigmata of secondary syphilis and reactive nontreponemal and treponemal serodiagnostic tests.
Rabbit antisera directed against the pathogen-specific membrane immunogens of T. pallidum were prepared as follows. Rabbits were immunized with 100 ,ug of DPPs in Triton X-114 detergent phase diluted to 4 ml with a 3:1 mixture of complete Freund adjuvant and phosphatebuffered saline. Six weeks after the primary intramuscular immunization, the rabbits were boosted twice at 2-to 3-week intervals with 50 jig of total protein in 4 ml of a 3:1 ratio of (24) and stored at 4°C.
Plasmids were purified by SDS-lysozyme lysis (14) and preparative cesium chloride-ethidium bromide density gradient centrifugation (37) . Small 5% (vol/vol) P-mercaptoethanol, and 0.001% bromophenol blue and were boiled for 20 min.
They then were loaded onto discontinuous SDS-polyacrylamide gels consisting of a 2.4% stacking gel and either 10 or 12.5% SDS-resolving gels, each with a 0.8% bisacrylamide cross-linking (22) . Gels were stained with Coomassie brilliant blue or the proteins were transferred to nitrocellulose for immunoblotting (6) . Immunoblots with horseradish peroxidase conjugates (final dilution, 1:1,000) were developed by using 15 mg of 4-chloro-1-naphthol and 0.03% hydrogen peroxide in 50 mM Tris hydrochloride (pH 7.6)-200 mM NaCl.
Analysis of plasmid-encoded polypeptides. The minicellproducing strain E. coli ORN103 was used to analyze the proteins encoded by the parental plasmid pMN40 and its derivatives. Transformants were grown with shaking to the late log phase in 1 liter of LB broth at 37°C for 16 to 18 h. Cells were harvested by centrifugation (5,500 x g, 15 min), suspended in 12 ml of LB broth, and layered onto four 0 to 30% linear sucrose gradients prepared in M-9 buffer (26) . Following centrifugation at 5,000 x g for 20 min in a swinging bucket rotor (JS 13.1; Beckman Instruments, Inc., Palo Alto, Calif.), the minicells were concentrated by centrifugation (27,000 x g, 30 min) and further purified following a second sucrose gradient centrifugation. Finally, minicells were suspended in M-9 buffer plus 20% glycerol to a final concentration of approximately 108 minicells per ml and stored at -70°C.
Minicells (100 jil) were thawed at 4°C, centrifuged at 12,000 x g for 2 min, suspended in 100 jil of M-9 buffer containing 0.2% glucose plus 20 jig of D-cycloserine per ml, and incubated at 37°C for 15 min; 15 jiCi of 35S-Translabel (ICN Biomedicals, Inc., Irvine, Calif.) was added, and the cells were incubated for an additional 30 min. Minicells were harvested by centrifugation, and the pellet was washed twice with phosphate-buffered saline. Plasmid-encoded polypeptides were detected following SDS-polyacrylamide gel electrophoresis and autoradiography (4) .
Polypeptide processing experiments were performed by using minicells and ethanol inhibition (31) .
Cell fractionation studies. Cell fractionations of E. coli transformants were performed by the procedure of Schnaitman (36) with modifications described by Chamberlain and co-workers (9) . For solubilization of inner membranes from cell envelopes, 2% Triton X-114 was used in place of Triton X-100 since these two detergents possess essentially identical solubilization properties (17) . Immunoblot 6 .3 (lanes 4 and 5), 5.5 (lanes 6 4 ) and applied to the column; the proteins were eluted from the matrix by using Polybuffer 74 hydrochloride (pH 4.0; Pharmacia). Column fractions were collected in 1-ml portions and analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting.
RESULTS
Purification of the native 15-kDa immunogen of T. paUidum. In a previous study, Hensel et al. (18) demonstrated that the 15-kDa antigen eluted in the void volume during anionexchange chromatography. To determine whether the 15-kDa antigen in the Triton X-114 detergent phase was the same as that described by these investigators, DPPs of T. pallidum were subjected to anion-exchange chromatography. Several of the membrane proteins, including the 47-kDa antigen, were retained by the DE-52 resin, whereas the 15-and 17-kDa antigens appeared in the void volume (Fig. 1A,  lane 3) . Elution of the column with increasing concentrations of NaCl produced fractions containing the other DPPs (Fig.  1A, lanes 4 to 15) (Fig. 1B,  lanes 4 and 5) ; the immunoreactive material at approximately 30 kDa (Fig. 1B, lanes 4 and 5) also reacted with the 15-kDa antigen-specific MAbs (data not shown). Approximately 6.5 ,ug of purified 15-kDa protein was obtained from 475 ,ug of DPPs applied to the chromatofocusing resin. The 17-, 38-, 47-, and 34-kDa antigens eluted as purified or partially purified proteins with pIs of 7.4, 5.5, 5.0, and 4.5, respectively (Fig. 1B, lanes 2 to 11) .
Production and identification of MAbs specific to the 15-kDa antigen. Supernatant cultures from hybridoma cell lines were screened by radioimmunoassay to identify T. pallidumreactive clones (data not shown). Radioimmunoprecipitation and immunoblot analyses revealed that supernatants from three IgGl clones, designated 9B4-22, 9C9-22, and 9C10-22, reacted specifically with the 15-kDa antigen (Fig. 2) .
E. coli transformants expressing the 15-kDa antigen. Three recombinant E. coli clones from the T. pallidum genomic libraries reacted by a radioimmunocolony blot assay with MAbs specific for the 15-kDa antigen. All three transformants contained plasmids of identical size and restriction enzyme profiles (data not shown). Immunoblot analysis of one of these clones (MVN40) revealed that the recombinants produced a 15-kDa antigen which reacted with pooled human syphilitic sera, rabbit anti-DPP antiserum, and the pooled MAbs in a manner identical to that of the native antigen of T. pallidum (Fig. 2) .
The DNA insert of plasmid pMN40 was determined to be 11.2 kilobases (kb) in size (Fig. 3) . Plasmid subclones were derived from the DNA insert of pMN40 as follows. Plasmid pMN401 contained the 2.6-kb HindIII-BamHI fragment in the vector pACYC184; plasmid pMN402 harbored the 5.5-kb PstI-PstI fragment in pBR322; plasmid pMN406 contained the 1.1-kb EcoRI-BamHI fragment in pBR322; and plasmid pMN407 posessed the 1.5-kb HindIII-EcoRI fragment in the vector pUC18.
Immunoblot and minicell analyses (Fig. 4) were used to identify subclones expressing the 15-kDa antigen. In comparison with plasmid pBR322, plasmids pMN40 and two subclones (pMN401 and pMN406) expressed the 15-kDa that the DNA flanking the second PstI site within the pMN40 insert is crucial for antigen expression (Fig. 3 and 4A) . Plasmid pMN406 possessed the smallest treponemal DNA insert (1.1 kb) encoding the 15-kDa antigen ( Fig. 3 and 4A) . Minicell analyses of the plasmid derivatives produced comparable results (data not shown). Of particular interest was the observation that the 15-kDa antigen was produced in minicells as a doublet. This finding, demonstrated by the representative minicells in Fig. 4B , suggested that the recombinant antigen was synthesized from a higher-molecular-mass precursor.
Pathogen specificity of the 15-kDa-antigen gene. Previous immunoblot analyses indicated that the 15-kDa polypeptide is specific to the pathogenic treponemes (18, 23, 33) . This observation was confirmed by Southern hybridization. When probed with the treponemal DNA insert of pMN406, a 1.1-kb fragment was detected in chromosomal DNA from T. pallidum and T. pallidum subsp. pertenue (Fig. 5, lanes 4 and  5) . No hybridization was detected with genomic DNA from either the nonpathogenic T. phagedenis biotype Reiter or E. coli (Fig. 5, lanes 6 and 7) .
Membrane localization of the 15-kDa antigen in E. coli. The 15-kDa antigen was detected in the detergent phase when either 35S-amino acid-labeled minicells or whole unlabeled E. coli transformants were extracted with Triton X-114 (data not shown). These findings indicated that the recombinant 15-kDa antigen possesses hydrophobic properties similar to those of the native antigen and that it is likely an integral membrane protein. To localize the recombinant protein in E. coli transformants, cell envelopes were extracted with Triton X-114 to solubilize the cytoplasmic membranes. The 15-kDa antigen was detected only in the cell envelopes and the detergent phase from the solubilized cytoplasmic membranes (Fig. 6, lanes 6 and 10, respectively) . , and even-numbered lanes represent fractions from E. coli with pMN406. Lanes: 1 and 2, whole-cell lysates; 3 and 4, combined cytoplasmic and periplasmic fractions; 5 and 6, cell envelopes; 7 and 8, Triton X-114-insoluble material (outer membranes); 9 and 10, detergent phase from Triton X-114-soluble material (inner membranes). Molecular mass standards to the left of the gels are in kilodaltons. (Fig. 7) .
DISCUSSION
An assumption underlying investigations of the humoral and cellular immune responses to T. pallidum antigens is that a correlation exists between the antigenicity of a protein and its ability to contribute to the development of protective immunity. Although unproven, this assumption is the basis for selection of specific T. pallidum antigens, including the 15-kDa protein described here, for detailed structure-function investigations (29) . A number of investigators have described the intense reactivity of the 15-kDa protein by Western blot analyses with human syphilitic sera (2, 15, 18, 23, 32) . Recently, Lukehart and co-workers (1) Recently, we demonstrated that phase partitioning with Triton X-114 could be used to isolate from T. pallidum a group of highly antigenic membrane proteins that included the 15-kDa antigen (32) . Chromatofocusing provided a simple method for purification of this antigen. A 30-kDa protein that coeluted with the 15-kDa antigen also reacted with the 15-kDa antigen-specific MAbs, suggesting that the 15-kDa antigen also exists as a dimer. The pI of the 15-kDa protein on chromatofocusing was similar to its pI, as determined by isoelectric focusing during two-dimensional gel electrophoresis (32) . Because the 15-kDa antigen is a relatively minor component of the Triton X-114 detergent phase, it is uncertain whether, in view of the inability to cultivate T. pallidum on artificial medium, sufficient quantities can be obtained for future detailed investigations. Expression of the antigen in E. coli, along with purification based on the scheme developed for the native antigen, should help to circumvent this problem.
Biochemical identity between the recombinant and the native 15-kDa proteins is an important prerequisite for substitution of the recombinant antigen in structure-function analyses and biological assays. The similar antigenic reactivities and hydrophobic properties of the two proteins as demonstrated here suggest that the two proteins are identical. This is particularly important in view of the recent findings that many of the DPPs, including the 15-kDa antigen, are covalently modified with fatty acids (7) . Recently, we have determined that the cloned 15-kDa antigen also can be radiolabeled with [3H]palmitate (unpublished data), providing further support for the contention that these two molecules are biochemically equivalent. It also is likely that genetic analysis of posttranslational modification of the cloned 15-kDa antigen will be relevant to modifications of the protein in T. pallidum. For example, we have used in vitro transcription-translation systems to determine that acylation of the 47-kDa major membrane immunogen of T. pallidum is largely responsible for the amphiphilicity of this protein (8) . Similar analyses are currently under way for the antigen described in this report.
It has long been known that E. coli cytoplasmic membranes can be solubilized selectively from cell envelopes by extraction with the nonionic detergent Triton X-100 (36) . This methodology has provided a convenient fractionation scheme for several cloned T. pallidum antigens (9, 13) . We modified this procedure by substituting Triton X-114 for Triton X-100 in order to perform simultaneous hydrophilicity and membrane localization analyses. Both detergents appear to be essentially identical with respect to separation of E. coli cytoplasmic and outer membranes. The fractionation results provided evidence for a cytoplasmic membrane location of the cloned antigen and further supported the fact that it is an integral membrane protein. It should also provide a convenient starting point for purification of the 15-kDa antigen from E. coli components.
Fractionation studies of T. pallidum with Triton X-114 also supported a cytoplasmic membrane location for the native antigen (32) . Previous studies of other recombinant T. pallidum membrane antigens which used detergent fractionation of E. coli membranes often demonstrated an outer membrane location for the cloned molecules (9, 13) . However, it is unclear whether these results accurately reflect their native membrane locations in T. pallidum. This is especially true in light of more recent cell fractionation (32, 39) and freeze-fracture electron microscopy (34) studies which indicate that the T. pallidum outer membrane contains a paucity of integral membrane proteins and that the major membrane antigens appear to be located predominantly in the cytoplasmic membrane. The consistency between the E. coli and the T. pallidum (32) fractionation results for the 15-kDa antigen suggest that the two molecules also may be similar with respect to membrane topography. The value of E. coli cell fractionation schemes for T. pallidum antigens will become clearer as improved methodologies are developed for precise ultrastructural analysis of T. pallidum membrane proteins both in E. coli and in their native locations.
Bassford and co-workers (12) have previously shown that T. pallidum polypeptides possessing a leader peptide can be processed to mature proteins in E. coli. Our experiments in minicells indicated that the recombinant 15-kDa protein appears to be similarly synthesized as a higher-molecularmass precursor that is processed to the mature antigen. These findings imply that the protein is synthesized with a functional signal sequence, a finding that has recently been confirmed by nucleotide sequence analysis (unpublished data). In addition to ethanol, the antibiotic globomycin (20) inhibits processing of the 15-kDa antigen in E. coli minicells (unpublished data), supporting the contention that the 15-kDa antigen is a conventional procaryotic lipoprotein (43, 44) . Since most E. coli integral cytoplasmic membrane proteins are synthesized without leader peptides and are not translocated (11) , it is interesting to speculate that the 15-kDa lipoprotein is translocated through the cytoplasmic membrane and is anchored on the periplasmic side by its lipid moiety or moieties. Experiments are currently under way to determine the precise membrane topography of the protein in E. coli and to determine whether results from E. coli will provide an accurate structural model for the native molecule.
